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Korean red ginseng inhibits arginase and contributes to endothelium- 
dependent vasorelaxation through endothelial nitric oxide synthase 
coupling 
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Korean red ginseng water extract (KG- WE) has known beneficial effects on the cardiovascular system via inducting nitric 
oxide (NO) production in endothelium. Endothelial arginase inhibits the activity of endothelial nitric oxide synthase (eNOS) by 
substrate depletion, thereby reducing NO bioavailability and contributing to vascular diseases including hypertension, aging, 
and atherosclerosis. In the present study, we demonstrate that KG-WE inhibits arginase activity and negatively regulates NO 
production and reactive oxygen species generation in endothelium. This is associated with increased dimerization of eNOS without 
affecting the protein expression levels of either arginase or eNOS. In a vascular tension assay, when aortas isolated from wild type 
mice were incubated with KG-WE, NO-dependent enhanced vasorelaxation was observed. Furthermore, KG-WE administered 
via by drinking water to atherogenic model mice being fed high cholesterol diet improved impaired vascular function. Taken 
together, these results suggest that KG-WE may exert vasoprotective effects through augmentation of NO signaling by inhibiting 
arginase. Therefore, KG-WE may be useful in the treatment of vascular diseases derived from endothelial dysfunction, such as 
atherosclerosis. 
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INTRODUCTION 

Ginseng holds an important position in traditional 
medicine and is cultivated in Korea, China, Japan, the 
United States, and Canada. Ginseng root has been used 
as an oriental folk medicine for several thousand years [1]. 
A large number of reports suggest that the diverse com- 
ponents of ginseng possess numerous pharmacological 
functions [2-7]. Ginseng has been shown to have several 
cardioprotective benefits including antihypertensive ef- 
fects and the attenuation of myocardial hypertrophy and 
heart failure. Water extract of Korean red ginseng (KG- 
WE) induces angiogenesis through the activation of 
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the endothelial nitric oxide synthase (eNOS) pathway 
in human umbilical vein endothelial cells (HUVECs) 
[8]. Ginsenoside Rbl [9] and ginsenoside Rg3 [9,10], 
bioactive components of ginseng, have been implicated 
in increased nitric oxide (NO) production, which may 
be dependent on phosphoinositide 3-kinase (PI3K)/Akt 
activity in endothelial cells. Furthermore, Panax no- 
toginseng saponins inhibit the expression of endothelial 
adhesion molecules and reduce atherosclerotic lesions in 
ApoE" " mice, further evidence supporting the cardiopro- 
tective properties of ginseng [11]. 
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The endothelium plays a central role in overall vascu- 
lar homeostasis by regulating vasoreactivity, oxidation of 
low-density lipoprotein, platelet activation, leukocyte ad- 
hesion, and smooth muscle cell proliferation and migra- 
tion. Endothelial NO, an important vasoprotective mol- 
ecule, is a major modulator of these effects, and impaired 
NO signaling associated with endothelial dysfunction is 
considered an early marker of vascular diseases. eNOS 
activity can be increased by post-translational modifica- 
tion such as phosphorylation, protein-protein interac- 
tions, and the availability of the cofactor and substrate, 
L-arginine. Intracellular concentration of L-arginine is 
regulated by the activity of arginase. This enzyme cata- 
lyzes L-arginine into L-ornithine and urea in the last step 
of the urea cycle. In endothelial cells, arginase can func- 
tionally constrain eNOS activity by limiting the avail- 
ability of L-arginine. In this way, arginase can negatively 
regulate NO bioavailability. Thus, arginase inhibition 
actively augments NO production, and this, reportedly, 
has beneficial effects on normal cardiac function. This 
system has also been associated with vascular dysfunc- 
tion typical of atherogenesis, aging, erectile dysfunction, 
and sickle cell disease [12-20]. Currently, arginase is be- 
ing embraced as an emerging target for the treatment and 
the prevention of vascular diseases caused by endothelial 
dysfunction. 

Although KG-WE can induce NO production in endo- 
thelial cells, the underlying molecular mechanisms and 
proteins involved in this pathway have yet to be elucidat- 
ed. Therefore, we tested whether KG-WE has an inhibi- 
tory effect on arginase activity, and whether this effect 
is associated with endothelium-dependent regulation of 
vascular function in wild type (WT) and atherosclerotic 
model (low-density lipoprotein receptor null, LDLR" ") 
mice. 

MATERIALS AND METHODS 

Materials 

KG-WE (solid extract 64%, gensenoside Rgl+Rbl 
4 mg/g) was obtained from Korea Ginseng Corpora- 
tion (Chuncheon, Korea) and was directly dissolved in 
distilled water. Arginase lysates were prepared from liv- 
ers and kidneys of anesthetized C57BL/6 mice. Mn(III) 
tetra(4-benzoic acid) porphyrin chloride (MnTBAP) 
and N G -nitro-L-arginine methyl ester (L-NAME) were 
obtained from Calbiochem (Rockland, MA, USA). All 
reagents were purchased from Sigma Aldrich (St. Louis, 
MO, USA) unless otherwise stated. 



Cell culture 

HUVECs were purchased from Cascade Biologies 
(Carlsdad, CA, USA) and were maintained as the sup- 
plier's protocol in Medium230 plus low-serum growth 
supplement at 37°C in 5% C0 2 . 

Animal protocol 

To determine the effect of KG-WE on vascular re- 
activity, we studied aortic rings isolated from 20 male 
C57BL/6J WT mice (10 wk) fed a normal diet (ND), 
and 25 male LDLR" " mice fed high-cholesterol diet 
(HCD; D12108C, Research Diet Inc., New Brunswick, 
NJ, USA) for 6 wk. Aortic rings from WT mice were 
incubated with or without KG-WE (15 umol/L) for 18 h 
as previously described [21]. LDLR " mice were admin- 
istered KG-WE in the drinking water for 4 wk, during 
which the mice were started with HCD. Given that each 
mouse consumed approximately 10 mL water/d, this rep- 
resented a daily dose of approximately 10 mg/mouse/d 
of KG-WE. 

Arginase activity assay 

Tissue lysates were prepared using lysis buffer (50 
mM Tris-HCl, pH7.5, 0.1 mM EDTA and protease in- 
hibitors) by homogenization at 4°C followed by centrifu- 
gation for 20 min at 14,000 xg at 4°C. The supernatants 
were used to assay for arginase activity as previously 
described [22]. 

Nitrate/nitrite measurement 

NO was estimated by Griess reaction based upon the 
concentration of nitrate/nitrite (NOx) after conversion of 
nitrate to nitrite by nitrate reductase using a NO assay kit 
(Calbiochem). The concentration of NOx in HUVECs 
was expressed as umol/mg protein. 

Western blotting analysis 

Aortic vessels from C57BL/6 mice (10 wk) were 
homogenized in homogenization buffer (50 mM Tris- 
HCl, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 
ug/mL of leupeptin, 1 ug/mL of pepstatin, 1 ng/mL of 
aprotinin, 1 mM phenylmethylsulfonylflouride, 1 mM 
sodium orthovanadate, and 1 mM NaF) and centrifuged 
for 30 min at 14,000 xg. The protein concentration of the 
supernatant was analyzed by the Bradford method. Pro- 
teins (100 (ig) were separated in a 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and then 
transferred to a nitrocellulose membrane. The blots were 
incubated with a polyclonal anti-arginase II (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), anti-eNOS (BD 
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Bioscience, San Jose, CA, USA), or anti-(3-tubulin (BD 
Bioscience) antibodies followed by the secondary anti- 
body (Bio-Rad, Hercules, CA, USA). The signals were 
detected using an enhanced chemiluminescence detec- 
tion reagent with X-ray films. 

Determination of endothelial nitric oxide synthase 
dimerization 

Dimers and monomers of eNOS were separated using 
low-temperature sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis as previously described [23]. Band 
intensities were analyzed using National Institutes of 
Health ImageJ software. 

Estimation of nitric oxide or reactive oxygen 
species generation in isolated mice aorta using 
4-amino-5-methylamino-2',7'-difluorofluorescein 
or dihydroethidium 

NO and reactive oxygen species (ROS) production 
were estimated at different time intervals as described 
previously [21]. 

Aortic vascular tension assay 

The study was approved in accordance with Guide 
for the Care and Use of Laboratory Animals (Institu- 
tional Review Board, Kangwon National University). 
Male C57BL/6J mice were anesthetized using iso- 
flurane and the thoracic aorta was rapidly removed. 
The aortas were placed in ice-cold oxygenated Krebs- 
Ringer bicarbonate solution (NaCl 118.3, KC1 4.7, 
MgS04 1.2, KH2P04 1.2, CaC12 1.6, NaHCC-3 25, 
glucose 11.1 [in mM]) and cleared of adherent connec- 
tive tissues. The mouse aortas were cut into 1.5-mm 
rings and suspended between two wire stirrups (150 



um) in a myograph (Multi Myograph System DMT- 
620) in 10 mL Krebs-ringer (95% 02-5% C02, pH7.4, 
37°C). One stirrup was connected to a three-dimen- 
sional micromanipulator, and the other was attached to 
a force transducer. The rings were passively stretched 
at 10-minute intervals in increments of 100 mg to reach 
optimal tone (600 mg). After the arterial rings were 
stretched to their optimal resting tone, the contractile 
response to 100 mM KC1 was determined. U46619 (10~ 8 
M) was applied and pre-constricted the vessels for 15 
min, and KG- WE was then added to determine relax- 
ation activities in the presence or absence of eNOS 
inhibitor, L-NAME (10~ 5 M), for 10 min. To further 
confirm the vasorelaxation activity in a NO-dependent 
manner, the inhibitor of guanylate cyclase (lH-[ 1,2,4] 
oxadizolo[4,3-a]quinoxalin-l-one, ODQ; 1 uM) was 
added at the end of experiments. 

Statistics 

All data are represented as mean±standard deviation 
of at least four independent experiments. An unpaired 
Student's Mest or one-way analysis of variance (ANOVA) 
was used to assess significant differences. A value of 
/?<0.05 was accepted as significant. 

RESULTS 

Korean red ginseng water extract inhibited argi- 
nase I and II activities in a dose-dependent manner 

During a screening procedure on medicinal plants with 
the aim of finding novel arginase inhibitors, KG- WE was 
shown to significantly inhibit arginase activity. Enzyme 
solutions of arginase I and II were prepared from liver 
and kidney lysates of C57BL/6 mice, respectively. The 
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Fig. 1. Effect of Korean red ginseng water extract (KG-WE) on the activities of arginase I and II. KG-WE incubation inhibits the activity of ar- 
ginase I (A, liver) and II (B, kidney) in a dose-dependent manner (n=9 from 3 independent experiments; p<0.01 by one-way ANOVA). Dimethyl 
sulfoxide (DMSO, 10 uL) was used as a control. 
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expression of arginase isoforms was previously con- 
firmed by western blot analysis (data not shown). KG- 
WE significantly inhibits arginase I and II in a dose- 
dependent manner. Statistically significant inhibition of 
both arginase I and II was achieved at KG-WE concen- 
trations greater than 4 (ig/mL The activities of arginase I 
after incubation with 4, 16, and 25 ug/mL KG-WE were 
91.0±3.5%, 73.6±1.7%, and 67.3±1.6% of baseline, 
respectively (/?<0.01, one-way ANOVA test) (Fig. 1A). 
The activities of arginase II after incubation with 4, 16, 
and 25 ug/mL KG-WE were 93.3±1 .7%, 78.3±0.7%, and 
71.3±0.3% of baseline, respectively (p<0.0l, one-way 
ANOVA test) (Fig. IB). 



Arginase inhibition increases NOx generation and 
enhances the formation of eNOS dimer in HUVECs 

Given that arginase negatively regulates NOS activity 
by limiting L-arginine bioavailability, we tested whether 
KG-WE-induced inhibition of arginase was associated 
with an increase in NOx generation. Furthermore, we 
assayed proteins levels of eNOS and arginase II, the 
dominant arginase isoform in human endothelial cells, 
and eNOS dimerization as a representative mechanism 
of NOS activation. In HUVECs, KG-WE incubation (15 
(ig/mL) for 18 h significantly inhibited arginase activ- 
ity (74±6%, jpO.01) (Fig. 2A). The decreased arginase 
activity was associated with increased NOx generation. 
Treatment with KG-WE at 1 5 and 25 ug/mL increases 
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Fig. 2. Korean red ginseng water extract (KG-WE)-dependent arginase inhibition increases nitrate/nitrite (NOx) production by enhancing the for- 
mation of endothelial nitric oxide synthase (eNOS) dimer in human umbilical vein endothelial cells (HUVECs). HUVECs were treated with KG-WE 
(15 ug/mL) for 18 h and KG-WE significantly inhibits arginase activity (A, * vs. untreated, p<0.01, n=4). Inhibition of arginase activity negatively 
increases NOx production (B, * vs. untreated, p<0.05, n=4). Protein levels of arginase II and eNOS were not changed by KG-WE incubation for 
18 h (C, n=3). Low-temperature electrophoresis and western blot analysis for eNOS shows that incubation with KG-WE induces a decrease in 
the amount of eNOS monomer (D) and an increase in the ratio of dimer to monomer (E, * vs. untreated, p<0.01 , n=6). Boiled samples were used 
as a control. 
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Fig. 3. Arginase inhibition by Korean red ginseng water extract (KG-WE) increases nitric oxide (NO) production and decreases reactive oxygen 
species (ROS) generation in isolated mice aorta. (A) Preincubation of isolated aortic rings with KG-WE (15 pg/mL, 18 h) resulted in a decrease 
of arginase activity (* vs. untreated, p<0.05, n=6). (B) Time-lapse NO-dependent changes in fluorescence of NO-dependent dye, 4-amino-5-me- 
thylamino-2',7'-difluorofluorescein (DAF) (5 pmol/L), were measured in pretreated aortic rings (endothelial side up; 5 pmol/L). The cumulative 
data are shown as the slope of DAF fluorescence over 3 min. The effect of KG-WE on the slope of the DAF fluorescence was determined (* vs. 
untreated, p<0.01, n=6) and then N G -nitro-L-arginine methyl ester (L-NAME, 10~ 5 mol/L) was added (# vs. KG-WE, p<0.01, n=6). (C) ROS pro- 
duction was determined using 0 2 -sensitive fluorescence dye, dihydroergotamine (DHE). KG-WE treatment resulted in a decrease of the slope 
of DHE fluorescence (* vs. untreated, p<0.01, n=6) and treatment with Mn(lll) tetra(4-benzoic acid) porphyrin chloride (MnTBAP, 1IT 6 mol/L) as a 
scavenger of ROS quenched ROS-dependent DHE fluorescence (# vs. KG-WE, p<0.01, n=6). 



NOx generation to 111.3±3.1% and 134.2±5.3%, respec- 
tively (p<0.05) (Fig. 2B). Next, we tested for changes in 
protein expression levels. As shown in Fig. 2C, KG-WE 
incubation for 1 8 h did not induce a significant change in 
the expression levels of either eNOS or arginase II. How- 
ever, KG-WE increased the ratio of dimer to monomer 
of eNOS from 1.3±0.1 to 1.9±0.1 (p<0.01) (Fig. 2E) by 
enhancing dimer formation and decreasing the amount of 
monomer (Fig. 2D). 

KG-WE-dependent arginase inhibition increases 
NO generation and decreases ROS production in 
isolated mice aorta 

We next tested whether increased NOx generation by 
arginase inhibition in HUVECs translated into redox reg- 
ulation in the endothelium of mice aorta. Isolated aortic 
vessels were incubated with KG-WE as described in the 
Methods. KG-WE markedly inhibited arginase activity 
compared to control (77.5±2.8% vs. 100±1.7%,/?<0.05). 



As shown in Fig. 3B, KG-WE-dependent arginase inhi- 
bition resulted in an increase of NO generation (1.8±0.8 
vs. 1.0±0.7, average slope of 4-amino-5-methylamino- 
2',7'-difluorofluorescein [DAF] fluorescence, /?<0.01). 
This increase was acutely blocked by incubation with 
NOS inhibitor, L-NAME (1.8±0.8 vs. 3.4±1.1, average 
slope of DAF fluorescence, p<0.0l). These results are 
consistent with data from KG-WE-treated HUVECs. We 
wished to determine whether increased NO generation 
upon arginase inhibition contributes to reduced ROS 
production. Therefore, we measured 0 2 production by 
using 0 2 -sensitive fluorescence dye, dihydroergotamine 
(DHE), in the endothelium of KG-WE-treated aorta. 
Preincubation with KG-WE (15 ug/mL) significantly 
decreased the time-dependent DHE fluorescence (0.9±0. 1 
vs. 0.3±0.1, /7<0.01 in average slope of DHE fluores- 
cence) (Fig. 3C) and the signal of DHE fluorescence was 
completely prevented with MnTBAP (slope<0.01, # vs. 
KG-WE, jpO.01). 
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Fig. 4. Korean red ginseng water extract (KG-WE) induces nitric oxide-dependent vessel relaxation. (A) KG-WE treatment induces the relax- 
ation of vessels pre-constricted by U46619 (1fJ 8 mol/L). This was prevented by incubation with the nitric oxide synthase inhibitor, N G -nitro-L- 
arginine methyl ester (L-NAME, 10 5 mol/L) (A, * vs. U46619 without L-NAME, p<0.01, n=8; # vs. KG-WE without L-NAME, p<0.05, n=8). (B) 
Inhibition of soluble guanylate cyclase with 1H-[1,2,4]oxadizolo[4,3-a]quinoxalin-1-one (ODQ, 10" 6 mol/L) resulted in the constriction of KG-WE- 
relaxed vessels (* vs. U46619, p<0.01, n=8; # vs. KG-WE, p<0.01, n=8). The representative response was shown in (C). 



Korean red ginseng water extract induces nitric 
oxide-dependent vessel relaxation in mice aorta 

Next, we determined whether the KG-WE-dependent 
increase in NO production contributes to vessel relax- 
ation by measuring vascular tension. As shown in Fig. 
4A, KG-WE treatment acutely induced the relaxation 
of vessels that were preconstricted with U46619 in the 
absence of NOS inhibitor, L-NAME, from 100.0±12.6% 
to 187.3±27.9% (/?<0.01). However, inhibition of NO 
synthesis by L-NAME (10" mol/L) blocked the vasodi- 
lating effect of KG-WE (# vs. KG-WE treatment without 
L-NAME, 129.2±17.9% vs. 187.3±27.9%, /X0.05). We 
further tested the NO-dependent relaxation effect of KG- 
WE by blocking the NO-dependent cGMP pathway. The 
soluble guanylate cyclase inhibitor, ODQ, significantly 
constricted vessels which were relaxed by KG-WE treat- 
ment (* vs. U46619, 165.0±22.1% vs. 100.0±21.4%, 
/?<0.01; # vs. KG-WE, 89.7±15.3% vs. 165.0*22.1%, 
/K0.01) (Fig. 4B). Fig 4C shows representative traces of 
the KG-WE and ODQ response. 



Arginase inhibition by Korean red ginseng water 
extract improves endothelial function in LDLR ' 
mice fed high-cholesterol diet 

Given the above data shows that KG-WE improves 
endothelial function by inhibiting arginase in WT mice, 
we hypothesized that KG-WE could restore the impaired 
endothelial function observed in HCD-induced athero- 
genic model mice (LDLR"~ mice). HCD induced an 
increase in arginase activity in LDLR " mice (128.4±5.3 
vs. 100±0%,/?<0.01) (Fig. 5 A) that was reversed by ad- 
ministration of KG-WE (# vs. LDLR'+HCD, 94.8±10.1 
vs. 128.4±5.3, /7<0.01). Inhibiting arginase activity by 
KG-WE resulted in an increase in NO production (* vs. 
WT+ND, 0.45±0.12 vs. 0.84±0.12,/?<0.01; # vs. LDLR" 
+HCD, 1.32±0.17 vs. 0.45±0.12, slope of DAF fluores- 
cence, /?<0.01) (Fig. 5B). This increase in NO production 
was associated with enhanced eNOS coupling (Fig. 5C). 
Next, we performed a vascular tension assay using the 
endothelium-dependent vasorelaxant, acetylcholine, after 
preconstriction of vessels by U46619. Interestingly, KG- 
WE administration restored the impaired endothelial 
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Fig. 5. Korean red ginseng water extract (KG-WE) ameliorates vascular function in atherosclerotic model animal. (A) Arginase activity was sig- 
nificantly increased in aortic vessels from low-density lipoprotein receptor null (LDLR"'") mice fed high-cholesterol diet (HCD) for 6 wk. This activity 
was blocked by the administration of KG-WE (10 mg/mouse/d). *p<0.01, *p<0.01. n=4 mice. (B) Endothelial nitric oxide (NO) was measured in 
mouse aorta (en face, endothelial side up) by monitoring the change of the slope of 4-amino-5-methylamino-2',7'-difluorofluorescein fluores- 
cence, *p<0.01, *p<0.01. N G -nitro-L-arginine methyl ester (L-NAME, 10 umol/L) was used as a control. n=6. (C) Endothelial nitric oxide synthase 
(eNOS) uncoupling induced by HCD was markedly restored with the administration of KG-WE. (D) Vessels were preconstricted to 50% to 75% of 
contractile E,„ with U46619 (10" 8 mol/L), and cumulative dose responses to Ach were obtained. The vasodilation E max Ach was markedly attenu- 
ated in aortic rings from LDLR"'" fed HCD compared with wild type (WT) mice fed normal diet (ND); whereas KG-WE administration enhanced the 
vasodilation response. LDLR"'"+HCD vs. LDLR"'"+HCD+ KG-WE, *p<0.01, n=8. 



function by increasing the E max value from 75.8 1±2.30 
vs. 102.5±2.54% (*, LDLR'+HCD vs. LDLR"'"+HCD+ 
KG-WE, /tO.01) (Fig. 5D). 

DISCUSSION 

Endothelial arginase can constrain the activity of 
eNOS by depleting the critical substrate, L-arginine. In 
turn, this reduces NO bioavailability and contributes 
to vascular diseases such as hypertension, aging, and 
atherosclerosis [12,23-26]. Here, we show that KG-WE 
enhances NO generation, reduces ROS production by 
inhibiting arginase activity, and induces the vasorelax- 
ation in isolated aortic vessels. Furthermore, administer- 
ing KG-WE via drinking water to atherosclerotic prone 
(LDLR') mice restored HCD-dependent endothelial 
dysfunction by enhancing eNOS coupling. 

KG-WE has been extensively studied and its consump- 
tion is progressively increasing. Ginseng has been shown 
to have beneficial effects in the treatment of various dis- 



eases, including thrombosis, hyperlipidemia, cancer, and 
atherosclerosis [11,27-30]. In the vasculature, it is well- 
documented that KG-WE has vasoprotective effects by 
eliminating superoxide that is derived from nicotinamide 
adenine dinucleotide phosphate oxidase [31]. This pro- 
motes endothelial cell proliferation and protection from 
H 2 0 2 -dependent cell death [32,33] and induces heme 
oxygenase- 1 expression [34]. Ginseng extract exerts a 
direct vasodilatory effect by releasing NO in an endothe- 
lium-dependent manner [35]. Furthermore, the beneficial 
effects of ginseng on vascular system may be dependent 
on the activation of Akt/PI3K signal transduction [8], 
inhibition of angiotensin converting enzyme [36], and in- 
hibition of calcium ion influx resulting from the blockade 
of the calcium ion channel [37]. Here, we demonstrate 
that arginase is a novel target protein for KG-WE. We 
show that KG-WE inhibits arginase activity and is asso- 
ciated with increased NO production and decreased ROS 
generation in both physiological and pathophysiological 
conditions. The increased NO bioavailability induced by 
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KG- WE resulted in vasodilation in response to endothe- 
lium-dependent vasodilator, acetylcholine. 

Ginsenosides, the major active ingredients of ginseng, 
are mostly triterpene glycosides. The effects of ginsen- 
osides on endothelial cells have been reported. Ginsen- 
oside Rg3 inhibits the expression of adhesion molecules 
and of inflammatory cytokines that play important roles 
in atherogenesis [10] and prevents mitochondrial caspase 
pathway activation [38]. Another ginsenoside, Rbl, pro- 
tects endothelial cells from oxidized-low density lipopro- 
tein- induced-necrosis [39] and regulates the proliferation 
and migration of endothelial cells [40]. Furthermore, pro- 
topanaxatriol, another ginsenoside, modulates intracel- 
lular redox status [32]. These effects of ginsenosides may 
be explained by increased NO bioavailability because 
NO in endothelium is well-documented as an important 
vasoprotective molecule. In this study, we demonstrate 
that arginase inhibition by KG-WE leads to increased 
NO bioavailability and decreased ROS production, both 
of which are important players in the maintenance of the 
nitroso-redox balance in endothelial cells. 

KG-WE-dependent arginase inhibition contributed 
to an increase of NO generation and decease of ROS 
production in isolated mice aortas (Fig. 3). These effects 
resulted in the induction of NO-dependent vasorelaxation 
(Fig. 4). These results are consistent with previous obser- 
vations that arginase inhibition accentuates NO release 
in rat aortic endothelium [12], bovine pulmonary endo- 
thelial cells [41], and porcine coronary artery model [42]. 
The main mechanism of KG-WE-dependent NO release 
is likely due to increased eNOS coupling resulting from 
increased L-arginine availability (Fig. 2), in line with 
previous data [23]. During eNOS uncoupling, electrons 
flow from the reductase domain in the heme to molecular 
oxygen rather than L-arginine, resulting in 0 2 " produc- 
tion rather than NO. 

Arginase is present as two isoforms: arginase I, or the 
hepatic isoform, is located in the cytosol; and arginase 
II, or the extrahepatic isoform, is localized to the mito- 
chondrial. During physiological homeostasis, arginase I 
catalyzes the final step of urea cycle that allows for the 
excretion of excess nitrogen in the form of urea. Argi- 
nase I is also expressed in extrahepatic tissues, such as 
lung, to regulate L-arginine homeostasis [43]. Together 
with arginase I, arginase II also serves to regulate L- 
arginine homeostasis and the biosynthetic pathways of L- 
ornithine from L-arginine. These pathways include NO 
biosynthesis, L-proline biosynthesis to support collagen 
production, and polyamine biosynthesis to facilitate cel- 
lular proliferation. Since increased arginase activity is 



associated with aberrant L-arginine homeostasis and/or 
NO biosynthesis, arginase is an increasingly important 
pharmaceutical target for the management of various 
diseases, including cardiovascular disease such as athero- 
sclerosis, cystic fibrosis, and cancer tumor growth. 

While an active compound was not identified, we 
present a novel mechanism in which KG-WE inhibits 
arginase activity, increases NO generation by enhancing 
eNOS dimer formation, and induces vasorelaxation in an 
NO-dependent manner. Importantly, the beneficial effects 
of KG-WE in the pathophysiological atherosclerosis 
were also demonstrated. These finding suggest that KG- 
WE possesses therapeutic potential for cardiovascular 
diseases associated with endothelial dysfunction. 
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